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Recapitulation of the Standard Model
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Structure and elementary interactions of the Standard Model

Fermions

e

SU(3)xSU(2) xU(1)

Bosons

e

Gauge bosons:

l ‘ gauge interactions

Matter:
(chiral) quarks+leptons

TR

% Z, Wj:s g

A A

ARE S

\/

o < Yukawa interactions
CKM mixing, small GP
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Higgs sector:

spontaneous symmetry breaking
via self-interactions
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Structure and elementary interactions of the Standard Model

Test of the model

< Exp. reconstruction of the elementary couplings

Feynman rules
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Structure and elementary interactions of the Standard Model

~< e

Test of the model
< Exp. reconstruction of the elementary couplings

/ Feynman rules

Building blocks for particle reactions { {:
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Structure and elementary interactions of the Standard Model

Test of the model

< Exp. reconstruction of the elementary couplings

/ Feynman rules

Building blocks for particle reactions { {:

Standard Model extensions — more fields, more particles, more interactions, ...
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Feynman rules derived from SM Lagrangian:
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— Recapitulate EW gauge interactions !
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Gauge-boson couplings to fermions

— induced by “minimal substitution” in free Lagrangian Lo ferm = ) _; i) Py

. a a . Y
Op — Dy = 0y —ig2TT W), +ign EB“

o®/2 for left-handed f

17" = weak isopsin =
0 for right-handed f

Y = weak hypercharge, fixed by Gell-Mann—Nishijima relation Q = 77 + Y/2

|dentification of photon after “Weinberg rotation” about weak mixing angle 6w:

Z W .
( K ) _ ( Cw SW) ( K ) Wlth go = i, g1 = i, Sw = sin QW
Ay —Sw Cw By Sw Cw

= |nteraction vertices:

f>WmW i—efy l(l—’y5) f>mA —iQ) rey
f’ M\/isw H 2 B 1 FE T

d 7 SW Ty Ty
_ wodevu(gvy —gagys),  gvi=-_—Qr+ 5= —, gas =
f

QCwsW
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Effective Zf f couplings from ete™ — Z/7* — ff @ LEP1
f
Zy = ievu(gvy — gasys)

LEPEWWG "05

f

Leptonic couplings from LEP1
asymmetry measurements, e.g.:

-0.032 I 1 1 1 I 1 1 1 I 1 1 1 I
[ Im=178.0 + 4.3 GeV
~ my=114..1000 GeV |

o _ -0

A% = Jrr T S A ; -0.035 - -
O'%F + 0?’3 4 ]
(F/B = For/Backward hemisphere) C5>> |

. 20v g
with Ay = 2194 10.038- -
9y ¢ + Jaf Aa _
Good agreement with SM l
* lepton universality confirmed o004 +———r——-¥—1 68% (,3'-
-0.503 -0.502 -0.501 -0.5

e constraints on my and My

9al

. 2 — _ _ .
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Translation of effective couplings into effective weak mixing angle

sin

Important features:
* high sensitivity to My

* combination of
very different observables

* ~ 30 difference between
AY2(LEP) and A}7 (SLD)

with the initial-state pol. asymmetry

0 0

or, + or (IPel)

0,0 _
ALr =

= Precise LHC result on sin 9
highly desirable !

E| Physikalisches Institut _A—_—~
Fakultat far K S

29.Pt = ! | —Re{ IV 0.
1 gAl Ao

A(P;)

LEPEWWG '05

0.23099 + 0.00053
0.23159 + 0.00041

0.23221 + 0.00029
* 0.23220 + 0.00081
* 0.2324 + 0.0012

Ry 0.23153 £ 0.00016
x?/d.0.f.:11.8/5

: Ao(h = 0.02758 + 0.00035

lept
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Gauge-boson self-interactions

— induced by gauge-invariant Yang—Mills Lagrangian

1 a a v 1 1%
EYM —_— _ZWMVW Y L ZB/,LVBM :
with the field-strength tensors
W, = 0. W — 0, Wi + goe™™WWs,  Bu = 8,B, —8,B,
= Feynman rules for gauge-boson self-interactions: (fields and momenta incoming)
W
v, eCwwv [g/“/(k—l- —k-)p+ gup(k— —kv)u+ gou(ky — k+)u]
WV_ with CWW'y =1, CWWZ = —z%
— testable in di-boson production ee/pp — V'V
W V, .
H P 1€2CWWVV’ [QQ,Lnga — GupYGov — g,uagup]
02
Wy_ Vo/_ W|th Cw2,72:— 17CW27Z:§%7CW2Z2:_ %70‘”4:%

— testable in tri-boson production ee/pp — VVV
and vector-boson scattering pp(VV—=VV) — VV+2jets

| Physikalisches Institut /“E"'ﬁ
e Fakultat fur Mathematik und Y| L=
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_ Gaemers, Gounaris '79; Hagiwara, Hikasa, Peccei, Zeppenfeld '87;
(Non )Standard TGCs Bilenky, Kneur, Renard, Schildknecht ’93; etc.

General parametrization (C- and P-conserving):

W-|—
Lvww = —iengw{ gl (WELWHEVY — W WIEY,)
_ A _
V=x,% + v WIW, VR + W W RV
s MW
W
Meaning for static W' bosons:
Qw = eqg, = electric charge (= e by charge conservation)
(& ~ . .
pw = (97 + x~ + A,) = magnetic dipole moment
2 M~y
gw = — 62 (k~ — Ay) = electric quadrupole moment
MW

Standard Model values:

g}/:/{’\/:la AV:O

Restriction to SU(2) x U(1)-symmetric dim-6 operators:

kyz = g7 — (k- — 1) tan? Oy, Az = Ay

Physikalisches Institut A~ _—~
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LEP2 constraints on charged TGCs from eTe™ — WW — 4f . 0vc 04

(<>. 0.2 C : : : f1'25 L : : :
015 ‘ ‘ 12 A A
145 —
0.1 - | | |
R e o
0.05 1.05 ‘
0 1 A 0.022
-0.05 0.95 Agr = _0°009J—r0.021
0.9 | |
-0.1 [ .
o Ay = ~0.016+3322
-0.15 08 AR N S ‘
] i | | |
02 %709 095 1 105 1.1 Ay = —().()161’8:83?5
(¢ I
J 12 LEP Preliminary
1.15
1.1 95% c.l.
1.05 W 68%cl. Standard Model values verified
X 2d fit result
1 at the level of 2—4%
0.95 ‘ ‘
09 [« Similar results from Tevatron and LHC Run 1
085 |
7\ | i | | | | i | | | | i | | N " N "
% T o 0 01 LHC will tighten limits further !
NR—— N
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Generic features of
electroweak corrections

.. ! i I i - . . .
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Relevance of EW corrections @ LHC

® 2015: LHC restarts @ 13—14 TeV
— energy reach extends deeper into TeV range
— 5EW ~ some 10%

* integrated LHC luminosity will reach some 100 fb~!
<— many measurements at several-% level

— typical size of dpw

* planned high-precision measurements: XS ratios, My, sin® 0.5

— dpw IS crucial ingredient

Spirit of this lecture

* describe salient features of EW corrections,
in particular enhancement effects

* prepare the ground for the discussion of W/Z production processes
coming in the follow-up lectures
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Features of and issues in EW precision calculations

Relevance and size of EW corrections

generic size O(a) ~ O(aZ) suggests NLO EW ~ NNLO QCD
but systematic enhancements possible, e.g.

* by photon emission
— kinematical effects, mass-singular log’s « « In(m, /Q) for bare muons, etc.

e at high energies
< EW Sudakov log’s o (a/s% ) In*(Mw /Q) and subleading log’s

EW corrections to PDFs at hadron colliders
induced by factorization of collinear initial-state singularities, new: photon PDF

Instability of W and Z bosons
* realistic observables have to be defined via decay products (leptons, ~’s, jets)
 off-shell effects ~ O(I'/M) ~ O(«) are part of the NLO EW corrections
Combining QCD and EW corrections in predictions

* how to merge results from different calculations
* reweighting procedures in MC’s
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Input parameter schemes
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SM input parameters:  (natural choice)
a55 Oé, MW: MZ; MH! mfs VCKM

Issues:

e Setting of a:  process-specific choice to

¢ avoid sensitivity to non-preturbative light-quark masses
¢ minimize universal EW corrections

Schemes: fix Mw, Mz and «

¢ a(0)-scheme: relevant for external photon
¢ a(Mz)-scheme: relevant for internal photons at high energies (v*)
© G ,-scheme: ac, = V2G, My (1 — My /M3) /=, relevant for W, Z

* Warnings / pitfalls:

¢ « must not be set diagram by diagram,

but global factors like «(0)™ ¢, in gauge-invariant contributions mandatory !
¢ weak mixing angle: sw # free parameter if Mw and Mz are fixed !
¢ Yukawa couplings are uniquely fixed by fermion masses !

| Physikalisches Institut o~
e, Fakul thematik und S /‘B
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The universal radiative corrections A and Ap

Running electromagnetic coupling «(s):

becomes sensitive to unphysical quark masses m,

W for |s| in GeV range and below (non-perturbative regime)
J — charge-renormalization constant  Z. sensitive to m,

Solution: .
fit hadronic part of Aa(s) = —Re{S7%en(s)/s} and thus of §Z.

o(ete” — hadrons)
olete” = ptpu~)

via dispersion relations to R(s) =
Jegerlehner et al.

(0)
1 — AOéferm#top (3)

= Running elmg. coupling: «a(s) =

Leading correction to the p-parameter:
mass differences in fermion doublets break custodial SU(2) symmetry
— large effects from bottom—top loops in W self-energy Veltman '77

b

W W A x270)  2¥Y(0) 3G, m3
T M M T 8

Physikalisches Institut ’”‘FE""{H'
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Fermi constant G n @s input parameter — the quantity Ar

1 decay including higher-order corrections

I//JJ Vu
H G © + QED corrections e H © + EW corrections
w W
Ve Ve

— Relation between G, a(0), Mw, and Mz including corrections:

V2

s

aGu =

G My (1 -~ M%> = a(0)(1 + Ar)

Ar comprises quantum corrections to u decay

(beyond electromagnetic corrections in Fermi model) Sirlin ’80, Marciano, Sirlin 80
2
Arl—loop — ACV(M%) - %Aptop + A/r'rem<]\4H)
~ 6% ~ 3% ~ 1%
aln(mys/Mz) G.m; aln(My/Mz)
f b
f t
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Input-parameter schemes including electroweak NLO corrections
Cross section: ONLO = O{NALQ (1 + 5EW) ; OEW = O(O{)

* o(0)-scheme: oo = a(0)Y Ao

o(My)-scheme: opo = a(Mz)NAvo, dpw™® = 0pw + NAa(Mz) + ...

e (G,-scheme: oro = a(G,)" Aro, St = 629 4 NAP + .

* Mixed scheme: N =n-+mn,, n, =# external photons
oo = a(G)"a(0) Avo, OB = 60 4 nAr 4 ..
¢ absorbs all A« terms in LO to all orders
¢ absorbs Ap terms in LO (all for Ws up to 2 loops, parts for Zs)

¢ factor « in dgw can still be adjusted appropriately
(e.9. a—«(0) if o radiation dominates, a—ag,, if weak corrections dominate)

o example: q¢ - Wy, n=n,=1
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Example: weak corrections to Z production

v/Z
q It

S.D., Huber '09

,_.
~
—
i~

T T T T T T T T T T T T T T T T T T
virt a(0) virt (0)
12 b uil,weak E 12 B dd,weak
) gvirt a(Mz) gvirt |6¥(MZ)
10 + ui,weak . 10 + dd,weak
6virt ‘Gu virt Gu
uii,weak

dd,weak

= <)
= =
o =
R=N] R=N
Sz EE

-10 10

0
[

O D RN O N RO
T T T T T T T T
0

T R
CO O kN O N e O
T T T T T T T T

50 100 150 200 _ 50 100 150 200

¢ off-sets between NLO EW corrections in different schemes

* dashed lines include leading 2-loop effects from Aa and Ap
— highest stability against h.o. corrections in G,, scheme here
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Photon radiation off leptons
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Collinear final-state radiation (FSR) off leptons

zky

Leading logarithmic effect is universal: ko ~

1
LO LL 2
oLLFSR = / 4o (k) / dz T (2Q%)  Oelzhi)
w—/ O \ - _/
hard scattering leading-log structure
function, Q = typ. scale

Ve

° ') (2,Q7) known to O(a”) + soft exponentiation,
equivalent description by QED parton showers

2 2
* O(a) approximation:  1',,°' (2, Q%) = o(0) [ln(%) - 1} (1 Tz )
2T my l—2z /)
* Alternative approach: QED parton shower

— advantage: photons described with finite pr and definite multiplicity

Impact on predictions:
* |og-enhanced corrections for “bare” leptons (muons) — large radiative tails

* KLN theorem: mass-singular FSR effects cancel if () system is inclusive
(full integration over z)

* full FSR not universal, in general not even separable from other EW corrections

| Physikalisches Institut _A\—_—~
i a k und e ‘B

i
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Radiative tail from final-state radiation

results if resonances reconstructed from decay products

Typical situations: eTe™ — WW/ZZ — 47,

_ 1000 T T T T T T T T
pp—~>Z— ff+X a0 —
100 |
Final-state radiation: g
= 10 |
resonance for 2
2 2 2 2 =] 1l
M= = (ki+k2)” < (ki+ka+ky)" ~ M =l
s radiative tail in distribution j—& 01}
of reconstructed invariant mass M O 60 70 80 90 100 110 120 130 140 15
My [ GeV]
for M < My S.D., Huber ’09
10 . . . . . . — :
Example: Single-Z production N e
Oqq,weak
* radiative tail with corrections up to ~ 80% 6r Sacn/100 1
* FSR effect drastically reduced = !
by photon recombination (“rec”): o
~ S
If Riy < 0.1then (Iy) — [ with p; = p; + p4. L b
50 60 70 80 90 100 110 120 130 140 15
My [ GeV]
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Comparison with radiative tail from initial-state radiation

appeatrs if initial state is fixed

Typical situations: ete™ — Z — ff,
/'L+/'L__>Z7H7?_>ff_ e f
< scan over s-channel resonance in oot (s) by changing CM energy +/s

Initial-state radiation:
7 can become resonant for s = (p++p—)> > (p++p——ky)> ~ M7
< radiative tail for s > M7 due to “radiative return”

Final-state radiation:
s = k2 ~ M7 for FSR oy S.D., Kaiser 02

— only rescaling of resonance 10000} o 'd' g
r / correcte

-- -- -- corrected, My,q cut A
***** Born I

Example:
1000 E

cross section for ©~pt — bb in lowest order
and including photonic and QCD corrections, y
with and without invariant-mass cut 100 PRI N

Vs — M(bb) < 10GeV s e,

L1 l l l l L
8 & 90 95 100 105 110 115 120 125

Vs[GeV]

~.

.
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Electroweak corrections at high energies
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Electroweak corrections at high energies

Sudakov logarithms induced by soft gauge-boson exchange

J
a=~vy,W,Z

k etc.
+ sub-leading logarithms from collinear singularities

Typical impact on 2 — 2 reactions at /s ~ 1 TeV:

o S 3 s
61—loop ~ 1n2< ) ~ —26(7, 51—loop ~ + ln( ) ~ 16%
LL 5% M2, 0 NLL TSy o ’
2 2
2—loop o 4 ~ 2—loop 3a 3 S ~
LT~ g <M\2N )~ 3.5%, SR ~ ol (Mv2v )~ —4.2%

=- Corrections still relevant at 2-loop level

Note: differences to QED / QCD where Sudakov log’s cancel

® massive gauge bosons W, Z can be reconstructed
— no need to add “real W, Z radiation”

®* non-Abelian charges of W, Z are “open” — Bloch—Nordsieck theorem not applicable

Extensive theoretical studies at fixed perturbative (1-/2-loop) order and

- - - : Beccaria et al.; Beenakker, Werthenbach;
SuggeSted resummations via evolution equations Ciafaloni, Comelli; Denner, Pozzorini; Fadin et al.;
Hori et al.; Melles; Kiihn et al., Denner et al.;
Manohar et al. '00-
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High-energy limit — Sudakow versus Regge regime
Sudakov regime:  all invariants k; - k; > Mg, !

Example: . h s f y 7
7 1
2 — 2 particle process N\ V. I e

k1 k3
/k:1 k3\‘f = \f

i i
Kinematic variables in centre-of-mass frame in high-energy limit (k? — 0):
s = (k1 + k2)® ~ 4E?, E = beam energy,
t = (k1 —ks)® ~ —4E°sin®(0/2), 6 = scattering angle,
M3y =+/s ~ 2E,

kt = ks, ~ Esinf

High-energy limits in distributions:

d .
° dka . kr> Mw = s, |t|> Mg = Sudakov domination
T
. dj; . Mss > Mw = small |t| possible = in general no Sudakov domination
34

(i.e. typically smaller corrections)

Physikalisches Institut /‘E’H
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Example: Drell-Yan production

Neutral current:  pp — €74~ at /s = 14TeV  (based on S.D./Huber arXiv:0911.2329)

My /GeV | 50—o00 100—cc  200—o00 500— 00 1000—00 2000 — 00

oo/pb | 738.733(6) 32.7236(3) 1.48479(1) 0.0809420(6) 0.00679953(3) 0.000303744(1)
Sre hoe/% | —1.81 —4.71 —2.92 —3.36 —4.24 —5.66
Sqq,weak/% | —0.71 ~1.02 —0.14 —2.38 —5.87 —11.12
s J%|  0.27 0.54 —1.43 ~7.93 —15.52 —25.50
s /% | —0.00046 —0.0067  —0.035 0.23 1.14 3.38

no Sudakov domination!

Charged current:  pp — £Tvp at /s = 14TeV  (based on Brensing et al. arXiv:0710.3309)

Mr,,,0/GeV | 50—co  100—co  200—co  500—oc 1000— o0 2000— 00
0 /pb 4495.7(2) 27.589(2) 1.7906(1) 0.084697(4) 0.0065222(4) 0.00027322(1)
T

st % —2.9(1)  —5.2(1) —8.1(1)  —14.8(1) —22.6(1) —33.2(1)
5 /% ~1.8(1)  —3.5(1) —6.5(1)  —12.7(1) —20.0(1) —29.6(1)

58 /% | 0.0005 0.5 ~1.9 —9.5 ~18.5 —29.7

53 /% | —0.0002 —0.023  —0.082 0.21 1.3 3.8

Sudakov domination!
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Unstable particles in QFT
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Problem of unstable particles:
description of resonances requires resummation of propagator corrections
— mixing of perturbative orders potentially violates gauge invariance

Dyson series and propagator poles (scalar example)
(O = Y o = S
Gob(y — L SIC NS B i
(p) p2_m2+p2_m21 (p)p2—m2 + p2_m2_|_z(p2)

¥ (p?) = renormalized self-energy, m = ren. mass

stable particle: Im{X(p*)} = 0 at p* ~m?

< propagator pole for real value of p?,
renormalization condition for physical mass m: X(m?) =0

unstable particle: Im{X(p*)} # 0 at p* ~ m?

— location u* of propagator pole is complex,
possible definition of mass M and width I':  p* = M? —iMT
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Different proposals:

¢ Naive fixed-width schemes:
1 1
- _> -
p? — M? p? — M? +iMT

in all or at least in resonant propagators

— breaks gauge invariance only mildly (?),
but partial inclusion of widths in loops screws up singularity structure

* Pole scheme Stuart '91; Aeppli et al. '93, '94; etc.
Isolate resonance pole and introduce width I" only there.
— consistent, gauge invariant, but involves subtleties

Pole approximation: isolate and keep only leading (=resonant) terms
— consistent, gauge invariant,
but not reliable at threshold or in off-shell tails of resonances

* Effective field theory approach Beneke et al. '04; Hoang, Reisser '04

< gauge invariant, involves pole expansions,
but can be combined with threshold expansions

° Complex—mass scheme Denner, S.D., Roth, Wackeroth '99; Denner, S.D., Roth, Wieders '05
— gauge invariant, valid everywhere in phase space

Physikalisches Institut /‘E).—-—ﬁ
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The complex-mass scheme at NLO
Basic idea: mass” = location of propagator pole in complex p* plane
— consistent use of complex masses everywhere !
Application to gauge-boson resonances:
° replace My, — piy = Mg, — iMwIw, M7 — uz = M; —iMzI'z

2
and define (complex) weak mixing angle via ¢y = 1 —s3 = 2%

* virtues:

¢ gauge-invariant result  (Slavnov—Taylor identities, gauge-parameter independence)
— unitarity cancellations respected !

¢ perturbative calculations as usual (loops and counterterms)
¢ no double counting of contributions (bare Lagrangian unchanged !)

e drawbacks:

© unitarity-violating spurious terms of O(a?) — but beyond NLO accuracy !
(from t-channel/off-shell propagators and complex mixing angle)

¢ complex gauge-boson masses also in loop integrals

Sl 4‘J—Q = T Eiiikaiaches |nstm£ E Stefan Dittmaier, Electroweak Physics at the LHC — Lecture 1 Corfu Summer School, Sep 2016 — 32
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Commonly used mass/width definitions:
* “on-shell mass/width” Mos /Tos: M&s — m? + Re{S(M&s)} = 0

PP — !
= G™(p) 252, (p? — M24)(1 + Re{>/(M23)}) + i Im{=(p?)}

comparison with form of Breit-Wigner resonance  — RS >
p? —m? 4+ iml
. 2
yields: MosTos = Im{X(M3g)} / (14 Re{%'(M3s)}), 2 (p?) = 8255 :
* “pole mass/width” M /T": p? —m? 4+ X(u?) =0
complex pole position:  p° = M? —iMT
1 R
P) 2o A Ge)] 1P = MR T
Note: 1 = gauge independent for any particle (pole location is property of S-matrix)

Mos = gauge dependent at 2-loop order Sirlin 91; Stuart '91; Gambino, Grassi '99;
Grassi, Kniehl, Sirlin 01
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Relation between “on-shell” and “pole” definitions:

Subtraction of defining equations yields:
M3s 4+ Re{X(M3s)} = M?* —iMT + X(M? —iMT)
Equation can be uniquely solved via recursion in powers of coupling «:

ansatz: MCQ)S = M?*+ cra' +c2a” + ...
MosT'og = MT' + d2a2 + d3043 + ..., ci,d; = real

counting in «: Mos, M = O(a”), Tos,T,2(p°) = O(a')

Result:

Mds = M’ +Im{S(M*)} Im{Z'(M*)} + O(a®)
MosTos = MT + Im{Z(M*)} Im{X'(M?*)}*
+ 2 Im{S(M?) P Im{Z"(M?)} + O(a?)
i.e. {Mos,l'os} = {M,I'} + gauge-dependent 2-loop corrections

sikalisches Institut E

sy =

Stefan Dittmaier, Electroweak Physics at the LHC — Lecture 1 Corfu Summer School, Sep 2016 — 34



Important examples: W and Z bosons

In good approximation: W — ff’, Z— ff with masses fermions f, f’

r
sothat: Im{ZY.(p?)} = p? x M—V 0(p°), V=W,Z
\Y%

FS
— M3s = M?>+T1? 4+ O(a®) Mosl'os = MT'+ — + O(a*)

M
In terms of measured numbers:
W boson: Mw ~ 80GeV, TI'w~2.1GeV
— Mw,0s — Mw,pole = 28 MeV

Z boson: My ~ 91 GeV, 'z ~2.5GeV
—> MZ’OS — MZ,pole ~ 34 MeV

Exp. accuracy: AMw,exp = 29MeV, AMyzcexp = 2.1 MeV

— Difference in definitions phenomenologically important !
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Example of W and Z bosons continued:

Approximation of massless decay fermions:
2

——— 0(p?), V=W,Z7
M\2/,OS

I'v.os(p?) = TI'v.os X

Fit of W/Z resonance shapes to experimental data:

R’ ’ . , ,
®* ansatz yields: m = M~y .os, v =I1v.os
p2 _ m/2 + ify’pQ/m’
R 2
® ansatz 7 T m yields:  m = Mv pole;, 7 = I'v pole

Note: the two forms are equivalent:
R/ ) m/2 m/,y/
R p— p— p—
1+ i,y//m/’ m 1+ 7/2/m/2 Ty 1+ 7/2/m/2

— consistent with relation between “on-shell” and “pole” definitions !
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Literature
For more details see “Dictionary for electroweak corrections” in

J. Butterworth, et al., “Les Houches 2013: Physics at TeV Colliders: Standard
Model Working Group Report,” arXiv:1405.1067 [hep-ph], page 11,

and original references therein.
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